Understanding how learned fear can be reduced is at the heart of treatments for anxiety 11 disorders. Tremendous progress has been made in this regard through extinction training in 12 which an expected aversive outcome is omitted. However, current progress almost entirely rests 13 on this single paradigm, resulting in a very specialized knowledgebase at the behavioural and 14 neural level of analysis. Here, we used a paradigm-independent approach to show that different 15 methods that lead to reduction in learned fear are dissociated in the cortex. We report that the 16 infralimbic cortex has a very specific role in fear reduction that depends on the omission of 17 aversive events but not on overexpectation. The orbitofrontal cortex, a structure generally 18 overlooked in fear, is critical for downregulating fear when fear is inflated or overexpected, but 19 not when an aversive event is omitted. 20 3 Extinction learning has captivated behavioural and neural science for more than a century. It has done 21 so because it allows for the reduction of behaviours that were once adaptive but are no longer so, and 22 gives the therapist a handle to combat others that were never adaptive in the first place. The most-23 widely used method for supressing unwanted behaviour relies on the omission of the event that drives 24 this behaviour, that is, extinction driven by outcome omission. In the context of fear learning, 25 extinction by omission involves the dramatic reduction in fear-related behaviours typically observed 26 after presenting a previously established signal for an aversive event (i.e., a tone paired with shock; 27 tone→shock) in the absence of that event (tone presented alone; tone→nothing). Given its simplicity 28 and effectiveness in the treatment of anxiety disorders 1-6 , extinction by omission has received 29 significant attention in a quest to understand its underlying behavioural and neural mechanisms 7-15 . 30 Critically, although much progress has been made, this progress is limited to the case of outcome 31 omission, while another equally relevant form of extinction learning that also drives reduction in 32 unwanted behaviour, namely overexpectation, remains largely unexplored. This single-paradigm 33 approach is restrictive because at best it can oversimplify and at worst even misrepresent the function 34 of brain areas implicated in extinction learning. Here, we move beyond this paradigm-specific 35 approach and embarked on an investigation into how the brain learns from extinction using two 36 behavioural designs: extinction driven by outcome omission (described above) and extinction driven 37 by overexpectation (described below).
. The IL is not necessary for overexpectation. Location of cannula placements for A) drug-and B) vehicletreated rats in the IL cortex overexpectation experiment as verified based on the atlas of Paxinos and Watson. 65 The symbols represent the most ventral point of the cannula track for each rat and distances are indicated in millimeters from bregma. Overexpectation-M/B rats are shown with filled black circles, overexpectation-vehicle rats are shown with open circles, control-M/B rats are shown with filled burgundy circles, and control-vehicle rats are shown with open burgundy circles. C) Behavioural protocol for Overexpectation. Rats are trained to associate two individual cues (tone and light, counterbalanced) with a foot-shock US during Phase 1. Immediately prior to overexpectation training (Phase 2), the lateral OFC was pharmacologically silenced with muscimol and baclofen (M/B). Rats in the overexpectation group (OE) received compound presentations of the two cues followed by the delivery of a footshock. Rats in the control group (Control) were handled. All rats were then tested for conditioning responding the following day to either tone or light (counterbalanced). Behavioural data are represented as mean +SEM percent levels of freezing. D) Acquisition of conditioned freezing responses to the tone and light was successful (max F (1, 45) = 166.96, p < 0.01, 95% CI [1.79, 2.46], mixed ANOVA) and equivalent across all four groups (max F (1, 45) = 0.069, p = 0.84, mixed ANOVA) during Phase 1. E) Infusions of M/B in the IL cortex had no effect on within-session responding to the compound presentations across Phase 2 (F (1, 22) = 0.022, p = 0.88, mixed ANOVA). F) Learning from overexpectation was successful (F (1, 45) = 19.21, p < 0.001, 95% CI [-1.48, -0.41], d = 1.30, mixed ANOVA). However, there was no effect of IL inactivation on retrieval of the overexpectation memory when tested drug-free (F (1, 45) = 0.33, p = 0.57, mixed ANOVA).
Figure 2. The IL is necessary for extinction by omission.
Using the same animals, the location of cannula placements reallocated for A) drug-and B) vehicle-treated rats in the lateral OFC extinction experiment as verified based on the atlas of Paxinos and Watson. 65 The symbols represent the most ventral point of the cannula track for each rat and distances are indicated in millimeters from bregma. Extinction-M/B rats are shown with filled black circles, extinction-vehicle rats are shown with open circles, control-M/B rats are shown with filled burgundy circles, and control-vehicle rats are shown with open burgundy circles. C) Behavioural protocol for Extinction. Following the overexpectation experiment, rats received conditioning to a novel stimulus (auditory or visual cue, counterbalanced) paired with foot-shock during Phase 3. Prior to extinction in Phase 4, rats received an intra-lateral OFC infusion of M/B or vehicle. Rats in the extinction condition received nonreinforced presentations of the previously fear conditioned stimulus. Rats in the control conditioned were handled. All rats were then tested for conditioned freezing responding the following day. Behavioural data are represented as mean +SEM percent levels of freezing. D) Acquisition of conditioned freezing responses to the novel stimulus across Phase 3 was successful (F (1, 33) = 44.82, p < 0.01, 95% CI [0.76, 1.42], mixed ANOVA) and equivalent across all four groups (F (1, 33) = 0.84, p = 0.37, mixed ANOVA). E) Rats infused with M/B in the IL cortex prior to extinction training froze significantly more to the cue compared to vehicle-treated rats (F (1, 20) = 12.80, p = 0.002, 95% CI [0.40, 1.54], d = 1.53, mixed ANOVA). F) Inactivation of the IL cortex prior to extinction training disrupted retrieval of the extinction memory on drug-free Test: rats treated with M/B during extinction froze significantly more during presentations of the CS at Test compared to rats treated with vehicle (F (1, 33) = 11.43, p = 0.002, 95% CI [0.16, 1.54], d = 1.85, mixed ANOVA). Rats are trained to associate two individual cues (tone and light, counterbalanced) with a foot-shock US during Phase 1. Immediately prior to overexpectation training (Phase 2), the lateral OFC was pharmacologically silenced with muscimol/baclofen (M/B). Rats in the overexpectation group (OE) received compound presentations of the two cues followed by the delivery of a foot-shock. Rats in the control group (Control) were handled. All rats were then tested for conditioning responding the following day to either tone or light (counterbalanced). Behavioural data are represented as mean +SEM percent levels of freezing. D) Fear acquisition to the tone and light across Phase 1 was successful (max F (1, 40) = 264.90, p < 0.01, mixed ANOVA) and equivalent across all four groups (max F (1, 40 = 0.15, p = 0.70, mixed ANOVA). E) Infusions of M/B in the OFC had no effect on within-session responding to the compound stimulus during Phase 2 (F (1, 21) = 0.05, p = 0.83, mixed ANOVA). F) Inactivation of the lateral OFC prior to overexpectation training disrupted the overexpectation effect on drug-free Test: rats in the overexpectation condition treated with M/B froze significantly more during presentations of the target stimulus at Test compared to vehicle-treated rats (F (1, 40) = 10.93, p = 0.002, 95% CI [0.18, 1.80], d = 1.44, mixed ANOVA).
Our results represent a fundamental contribution to the study of fear extinction. By using two different 137 types of extinction, we show that the brain downregulates fear in a paradigm-specific manner. This 138 is important because it flies in the face of a parsimonious explanation for extinction in the IL and 139 lOFC. Specifically, both extinction by omission and by overexpectation are underscored by the same 140 negative prediction error mechanism 45 , that is when expectations surpass reality. While this common 141 process can account for the behavioural effect of reduced fear on test, is unlikely to be what is 142 regulated by the IL and OFC or we would have seen similar disruptions in both behavioural designs.
143
In other words, the neural dissociation of these tasks suggests that the lOFC and the IL support 144 extinction learning via different task-dependent processes. Therefore, it is important to underscore Rats in the control conditioned were handled. All rats were then tested for conditioned freezing responding the following day. Behavioural data are represented as mean +SEM percent levels of freezing. D) Acquisition of conditioned freezing responses to the novel stimulus across Phase 3 was successful (F (1, 40) = 67.52, p < 0.01, 95% CI [0.93, 1.53], mixed ANOVA) and equivalent across all four groups (F (1, 40) = 0.001, p = 0.98, mixed ANOVA). E) Infusion of M/B in the lateral OFC prior to extinction training had no effect on within-session performance (F (1, 20) = 0.90, p = 0.35, mixed ANOVA). F) Extinction training reduced fear on drug-free Test (F (1, 40) = 13.65, p = 0.001, 95% CI [-0.88, -0.14], d = 1.12, mixed ANOVA) but this extinction effect was not modulated by inactivation of the lateral OFC during extinction learning (F (1, 40) = 0.79, p = 0.38, mixed ANOVA).
that the discrepancy between real and expected events is generated differently in the two designs. Our 146 data show that the IL is important for reduction in learned fear when the expectation is held constant 147 but the delivery of the aversive event is manipulated (through omission), whereas the lOFC is critical 148 for fear reduction when the delivery of the aversive event is held constant but the expectation is 149 manipulated (through overexpectation). This is supported by studies in the appetitive field: Disruption test this is to examine the role of the lOFC in associative summation in responding that is below 172 ceiling. In our preparation, the high levels of freezing precluded from detecting summation and thus 173 examining the role of the lOFC in this process.
174
Our data showing no role for the lOFC in extinction by omission is somewhat at odds with prior work 175 showing that inactivation of lOFC disrupts extinction of fear 37 or reward-based conditioned 176 responding 61 . A critical difference between our work and that of others is that the overexpectation 177 training preceded the omission part of the experiment. How learning from overexpectation and 178 extinction by omission interact to modulate lOFC involvement is unclear. Noteworthy is the lack of agreement on the role of the lOFC in fear extinction with studies reporting disruption in extinction 180 recall following inactivation 37,62 of or NMDA-receptor activation 36 in the lOFC during extinction by 181 omission training. Although the lOFC has been linked to fear suppression in discrimination 182 procedures 34,38,39,63 , we found no evidence of fear suppression in inactivated animals during 183 overexpectation training nor during the start of extinction by omission training. One possibility for 184 these discrepancies could be the anatomical location of infusion sites. While our placements spanned 185 a very specific part of the ventrolateral OFC, those reported in other studies often extend throughout 186 the lateral OFC and even to the adjacent agranular insular region.
187
As mentioned earlier, we provide additional support for the IL in fear inhibition, but we also extend 188 the current thinking in showing that 1) the IL has a very specific role in this process; 2) the IL is not 189 alone in supporting reduction in learned fear, and 3) the lOFC is a key player in driving fear reduction. 
